Protein conformational transition from ␣-helices to ␤-sheets precedes aggregation of proteins implicated in many diseases, including Alzheimer and prion diseases. Direct characterization of such transitions is often hindered by the complicated nature of the interaction network among amino acids. A recently engineered small protein-like peptide with a simple amino acid composition features a temperature-driven ␣-helix to ␤-sheet conformational change. Here we studied the conformational transition of this peptide by molecular dynamics simulations. We observed a critical temperature, below which the peptide folds into an ␣-helical coiledcoil state and above which the peptide misfolds into ␤-rich structures with a high propensity to aggregate. The structures adopted by this peptide during low temperature simulations have a backbone root mean square deviation less than 2 Å from the crystal structure. At high temperatures, this peptide adopts an amyloid-like structure, which is mainly composed of coiled anti-parallel ␤-sheets with the cross-␤-signature of amyloid fibrils. Most strikingly, we observed conformational conversions in which an ␣-helix is converted into a ␤-strand by proximate stable ␤-sheets with exposed hydrophobic surfaces and unsaturated hydrogen bonds. Our study suggested a possible generic molecular mechanism of the templatemediated aggregation process, originally proposed by Prusiner (Prusiner, S. B. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 13363-13383) to account for prion infectivity.
Protein conformation diseases, including Alzheimer, Lou Gehrig, and prion diseases (1) , involve the aggregation of soluble proteins into insoluble amyloid fibrils following major conformational rearrangements. It has been shown that the amyloid fibrils formed by various proteins share a common core structure mainly composed of ␤-sheets (2). Thus, an intriguing conformational transition from ␣-helices to ␤-sheets occurs en route to the aggregation of natively ␣-helical proteins, such as prion proteins (3) in Creutzfeldt-Jakob disease and the A␤ peptide in Alzheimer disease (4) . Understanding the molecular mechanism of such a transition is vital for the development of the final cure of amyloidogenic diseases (1) .
Despite the importance of this type of conformational transition, the detailed molecular mechanism is largely unknown. It has been shown that misfolded prion proteins are infectious even across species barriers (3) . A template model proposed by Prusiner (3) explains prion infectivity. In this model, misfolded prions induce the conversion of nearby native prions to the misfolded state. However, the exact aggregation pathway and the driving forces have yet to be uncovered.
Studies of molecular mechanisms and pathways are often hindered by complex interaction networks among the amino acids and in some cases by the large sizes of proteins related to these diseases. It has been shown that aggregation into amyloid fibrils is a common property of polypeptides (5, 6) . Therefore, simple proteins and peptide systems can serve as model systems for deciphering the general mechanism of the ␣-helix to ␤-sheet conformational transition (7) .
Characterization of conformational transitions of polypeptides that undergo large secondary-structure rearrangements is experimentally challenging because the time scales of these conformational changes are often experimentally inaccessible. Thus, computational approaches are necessary to provide additional insights into the conformational dynamics underlying the drastic conformational changes that occur during protein aggregation (8 -13) . Peng and Hansmann (8) performed in silico studies of a short seven-residue model peptide that can form either an ␣-helix or a metastable ␤-strand. The authors (8) also observed a template-mediated ␤-sheet development, in which a pre-made, frozen ␤-strand aided the unfolding of an ␣-helix. To facilitate the conversion, the authors covalently connected the two peptides by a short polyglycine segment. Lipfert et al. (12) employed a reaction path annealing algorithm to study the misfolding and amyloid formation of a short seven-residue peptide from the yeast prion protein in the presence of pre-made ␤-sheets. In this algorithm, the initial and final states are fixed, and the energy is computed along the pathway by multiple constrained simulations. Malolepsza et al. (13) observed a prion-like propagation of in silico designed peptide sequences by using a coarse-grained protein model. These hypothetical peptide sequences were designed in silico to feature a metastable ␤-sheet state in addition to the ␣-helical ground state. These studies provide computational evidence for the template model of propagating conformational changes proposed by Prusiner (3) that explains the lethal infection of pathological prions. However, to enable the sampling of the vast available conformational spaces, these computational studies either constrain the peptide systems between the folded and misfolded peptides (8, 12) or "freeze" the misfolded template into a pre-assumed ␤-sheet aggregate (8, 12, 13) within the close proximity of the folded peptide. Thus, it is possible that these observed conformational inter-conversions are a result of the artificial biases present in the simulations. Hence, an unconstrained study of an experimentally characterized protein system is necessary to understand the ␣-helix to ␤-sheet transition and to directly "observe" the template hypothesis proposed by Prusiner (3) .
Recently, Kammerer et al. (7) designed a simple 17-residue peptide named cc␤, SIRELEARIRELELRIG, which behaves as a molecular switch; at low temperatures cc␤ folds into a coiled-coil native state trimer, although at elevated temperatures it forms amyloid fibrils. Here we study the conformational transitions of this de novo peptide in silico.
A benefit of using the cc␤ peptide as the model system for an aggregation study is the simplicity of the amino acid composition; it lacks aromatic residues, prolines, and cysteines, and its polar residues are either positively charged arginine or negatively charged glutamic acid residues. Significantly, the cc␤ peptide is protein-like because it folds into a well defined native structure. We employ discrete molecular dynamics (DMD) 2 (14 -17) simulations to study the folding and aggregation of this de novo peptide system. Our simulations reproduce the experimentally determined native state trimer of cc␤ (7) . Our simulations also capture the experimentally observed dependence of the conformational transition upon temperature. The structure of the aggregates from simulations satisfies the constraints derived from the experimental data, although the detailed atomic structure differs from the model proposed by Kammerer et al. (7) . Most strikingly, we observe in the course of simulations that several peptides form a ␤-sheet that acts as a template to convert an ␣-helix into a ␤-strand, in the absence of any artificial constraints (8, 12, 13) . This provides direct support of the hypothesis by Prusiner (3) of the template-based aggregation scheme for prion proteins.
MATERIALS AND METHODS
Discrete Molecular Dynamics Simulations-We modeled the peptides by a "bead-on-a-string" model with beads representing the backbone and side-chain heavy atoms. Along the backbone, the model contains the nitrogen (N), prime carbon (CЈ), carbonyl oxygen (O), and ␣-carbon (C-␣). In the side chain, we introduced up to three coarsegrained beads, ␤, ␥, and ␦ or ␥ 2 beads, depending on the properties of the individual amino acid. The parameters of the protein model and interactions are described in detail elsewhere (18) . We used the DMD algorithm to perform simulations on our model proteins (14, 18) .
All-Atom Reconstruction-We added the side-chain atoms and backbone H atoms for each amino acid based on the coordinates of the N, C-␣, C-␤, and CЈ atoms. We used a Monte Carlo algorithm to search in the rotamer space (19) for the optimal arrangement of side chains. The scoring function for rotamer optimization includes van der Waals, solvation, and hydrogen bond interactions. The van der Waals radii and interaction strengths come from the Cedar force field (20) . We applied the solvation model of EEF1 (21), and we used the statistical potential for hydrogen bonds proposed by Kortemme et al. (22) .
All-Atom Molecular Simulations Using Amber-We used Amber (23) to perform all-atom molecular dynamics simulations. We started with coarse-grained structures produced in DMD simulations and then performed all-atom reconstructions. We then solvated our atomically detailed protein within an octagonal box of water molecules cut off 10 Å away from the protein. We used an octagonal box in our simulations to reduce the number of water molecules and to increase the efficiency of computation. To reduce the finite size effect, we utilized periodic boundary conditions. Next, we performed simulations using the SANDER module of Amber7, including the initial energy minimization and equilibration steps that eliminate steric clashes between reconstructed atoms.
The actual production simulations began with a free energy minimization of the water molecules, whereas the protein was maintained fixed. Then we minimized the energy of the entire system. Next, we raised the temperature of the system to 300 K. Finally, by using the Berendsen thermostat (see Ref. 24) to maintain the temperature of the system and the SHAKE method to monitor protein positions, we performed the actual production simulations.
Free Energy Calculation-We calculated the conformational free energies from the all-atom simulation trajectories by using the MM/PBSA (molecular mechanics/Poisson Boltzmann solvent-accessible surface area) module of Amber7 (25) . We used the last nanosecond of each simulation to compute the conformational free energies. We took a snapshot each picosecond, and we collected 1000 snapshots for each simulation. The conformational free energy is the sum of the average gas phase (vacuum) energy (E GAS ), the average solvation energy (G SOL ), and the entropy (ϪTS). E GAS included the electrostatics (E ELE ), the van der Waals (E VDW ), and the bonded energy (E INT ). The solvation free energy (G SOL ) included the electrostatic contribution G PB , which we calculated with the Poisson-Boltzmann equation using FAMBE (26) , and the nonpolar contribution, which is approximated as proportional to the solvent-accessible area (G SUR ) (25) . The estimation of conformational entropy was very challenging (25) . By using a quasi-harmonic approximation, we estimated the entropy from normal mode analysis with the NMODE module in Amber. We assumed T to be the room temperature 298.15 K.
RESULTS
Starting from extended and spatially separated cc␤ peptides, we performed equilibrium DMD simulations over a range of temperatures. We first studied the folding and aggregation of three cc␤ peptides. We also studied the aggregation process in high temperature simulations of six cc␤ peptides. We modeled cc␤ peptides by using four types of interactions as follows: hydrophobic (0.84⑀), salt bridge (1.80⑀), hydrogen bond among backbones (5.00⑀), and hydrogen bond between polar side chains and backbones (2.50⑀). The temperature is in the unit of ⑀/k B , where k B is the Boltzmann constant (14, 18) .
For each peptide system at each temperature, we performed a DMD simulation for 10 6 time units (tu). Here tu is a reduced time unit that was derived from the units of mass, energy, and length. The length of the DMD simulations was chosen to be long enough so that equilibrium was observed for all studied peptide systems. We assumed that equilibrium was achieved in each simulation when the distribution of potential energies sampled along each trajectory did not change further with the simulation time. Overall, we performed 46 DMD simulations of trimers and 22 DMD simulations of hexamers. Trimer Folds into a Coiled-coil State at Low Temperatures-To quantify the structural transitions that occur in a system of three cc␤ peptides, we calculated their propensities to form secondary structure elements, ␣-helices and ␤-strands, at different temperatures, using a method proposed by Srinivasan and Rose (27) (Fig. 1) . Briefly, at each temperature the secondary structure propensities of each residue were calculated and averaged over the corresponding equilibrium trajectory. Then the secondary structure propensities of the peptides were computed as the average over all the residues. We did not include in the plot (Fig. 1 ) the propensity of forming turns and random coils. We found that at low temperatures these peptides favor ␣-helical states. The ␣-helix to ␤-strand transition occurs at the temperature T c Ϸ 0.71. At high temperatures, T Ͼ 0.71, the peptides adopt ␤-strands, in agreement with the experiments (7) .
At temperatures T Ͻ T c Ϸ 0.71, we observed the formation of the coiled-coil trimers with low potential energies (Fig. 2, A and B) . We observed two types of coiled-coil cc␤ trimers as follows. (i) Three helices orient in the same direction as determined in the experiment (type I, Fig.  2A ).
(ii) The orientation of one of the peptides is opposite that of the other two peptides (type II, Fig. 2B ). The type I trimer was strikingly similar to the experimental native state structure (Protein Data Bank code 1s9z); the root mean square distance (r.m.s.d.) between a low energy type I and the experimental structure was 1.26 Å (Fig. 2C) . Type I and II structures were the result of the orientation permutations of the three peptides in a coiled-coil trimer. Because of the simplifications of the protein structure used in our simulations, these two structures were indistinguishable. The potential energies of the two coiled-coil states were approximately the same in DMD simulations, although in some simulations the potential energy of the type II (non-native) state was even lower than that of the type I (native) state. To determine the thermodynamic viability of the two folded coiled-coil states, we performed free energy calculations on these states using all-atom molecular dynamics simulations.
We first reconstructed the all-atom representation of the two coiledcoil structures from the coarse-grained representation (see "Materials and Methods"). We then performed 2-ns all-atom molecular dynamics simulations of the two typical trimers, obtained in DMD simulations, in the presence of explicit water molecules. The r.m.s.d. between the initial and final cc␤ trimer states is smaller than 2 Å, suggesting that there is no significant conformational drift in the process of the 2-ns molecular dynamics simulations. We calculated different terms of the conformational free energy for the two states by using MM/PBSA (molecular mechanics/ Poisson-Boltzmann solvent-accessible surface area) (TABLE ONE) (see "Materials and Methods"). Because the unfolded states of the two types of trimers are the same, comparing their conformational free energy was equivalent to comparing their stability. We found that the free energy of the native-like state is 21 kcal/mol lower than that of the non-native trimer. Although the free energy difference between these two conformational states was within their standard deviations, the difference between their average values was still statistically significant, with a p value smaller than 10 Ϫ16 (according to Student's t test). Therefore, the native conformation was indeed more stable than the non-native one.
High Temperature Promotes the Formation of ␤-Sheet Rich AggregatesAt high temperatures (T Ͼ0.71), we observed ␤-rich aggregates formed by three cc␤ peptides (Fig. 1) . We observed the following two types of aggregate structures: (i) ␤-hairpin aggregates (Fig. 3A) , which comprise individual ␤-hairpin-shaped peptides; and (ii) coiled ␤-sheets (Fig. 3B) , in which peptides collectively form ␤-sheets that coil around a central region with packed hydrophobic residues inside. The hydrophobic residues in a coiled ␤-sheet aggregate are clustered inside the core, whereas the polar residues are exposed to solvent (Fig. 3C) . The aggregates are stabilized by hydrophobic packing, hydrogen bonds, and salt bridges between the oppositely charged residues. As with our low temperature studies, our coarse-grained model cannot distinguish these two types of aggregates. Thus, we performed molecular mechanics free energy calculations to estimate the thermodynamic viability of the two aggregate structures.
We reconstructed the all-atom representation of the coarse-grained aggregates from DMD simulations ("Materials and Methods"). Following the same protocol described above, we calculated the conformational free energies of the two aggregates, which are listed in TABLE ONE. Because the reference states were identical, the difference between the conformational free energies ⌬⌬G discriminates the two putative aggregation states. We found that the conformational free energy of the coiled ␤-sheet aggregate was ϳ55 kcal/mol lower than that of the ␤-hairpin aggregate. This difference was statistically significant because the standard deviations of the two values do not overlap. Therefore, the coiled ␤-sheet aggregate was thermodynamically more stable than the ␤-hairpin aggregate, and we proposed it as the putative building block of the large scale amyloid fibril. This model of the aggregate is in agreement with the experimental observation in that there are no intra-peptide hydrogen bonds (7), which exist in the ␤-hairpin aggregates (Fig. 3A) . 
Observation of a Prion-like Conformational Conversion

DECEMBER 2, 2005 • VOLUME 280 • NUMBER 48
A Preformed ␤-Sheet Accelerates the Conversion from ␣-Helixes to ␤-Strands-At temperatures T Ͼ T c Ϸ 0.71, ␤-sheets are thermodynamically more stable than ␣-helices (Fig. 1) . Although in the vicinity of the transition temperature, T c Ϸ 0.71, the free energy difference between the two states of a cc␤ peptide (a ␤-sheet and an ␣-helix) was marginal, there was a large free energy barrier separating these two conformational states (9) . Thus, the inter-conversion of an isolated ␣-helix to a stable ␤-sheet was a rare event, in accord with Ding et al. (9) . Here we examined the ␣-helix to ␤-sheet transition during aggregation near the transition temperature T c Ϸ 0.71. In Fig. 3, D-H , we presented a series of snapshots during a typical transition observed in DMD simulations at T ϭ 0.725. Initially, hydrophobic interactions drove a kinetically trapped ␣-helix to bind to a pre-formed stable ␤-sheet; the exposed hydrophobic surface of the ␤-sheet interacted with the hydrophobic face of the amphipathic helix (Fig. 3D) . This interaction was because of an attractive term between hydrophobic residues, which mimics the solvent effect. The ␣-helix then melts into an unstructured state that was stabilized by forming additional hydrophobic contacts with the external surface of the pre-formed ␤-sheet partner; this is similar to the hydrophobic solid surface-induced unfolding of ␣-helices (28). These additional hydrophobic contacts between the peptide and the pre-formed ␤-sheet greatly reduced the available conformations of the random coil state and, thus, the entropy of the chain. However, the enthalpic gain because of the newly formed hydrophobic interactions overwhelmed the loss of entropy, so that the free energy barrier of the ␣-helix to ␤-sheet inter-conversion was reduced. Hence, the "templated" transition time in simulations (Fig. 3, D-F ; snapshots taken A, plot of potential energy versus time for a three-peptide simulation and for a six-peptide simulation (both resulting in aggregates). Only the first 3 ϫ 10 5 tu simulations are shown, and potential energies do not change in the following simulation trajectories. B, typical hexamer aggregate with all residues shown as sticks except for the hydrophobic Leu-14 (cyan) and Ala-7 (dark blue). These two residues were identified in experiments (7) as having a high propensity to form intermolecular hydrogen bonds. C shows the top and D shows the side views of the aggregate. The polar residues are shown in surface representations, and the backbones are shown in a schematic. The red arrows indicate the putative long axis of the fibril. The simulation results indicate that the aggregates form the characteristic double ␤-sheet structures. The hydrogen bonds in the ␤-sheets are aligned along the fibril axis. The separation between the two neighboring ␤-sheets is ϳ11 Å. The calculated x-ray diffraction pattern (E) confirms the two periodicities and agrees with experiments. Because of the finite size effect, we also find peaks corresponding to 4.7 ϫ 2 ϭ 9.4 Å and 4.7 ϫ 3 ϭ 14.1 Å along the fibril axis.
4 tu, which is smaller than the transition time of 10 5 -10 6 tu, typical of an isolated peptide (9) . Most interestingly, the increase of the local kinetic energy during the melting process of the ␣-helix leads to local overheating of the thermal bath, which results in partial melting of the proximal ␤-strands of the cc␤ peptide (Fig. 3, E and F) . When the local overheating dissipates due to the thermal bath equilibration, the partially melted ␤-strands refold (Fig. 3H) , resulting in a ␤-sheet amyloid aggregate precursor.
Six Peptides Form a Fibril-like Aggregate-To study further the propagation of the cc␤ peptide aggregation, we performed DMD simulations of six peptides at elevated temperatures T Ͼ 0.71 (Fig. 4A) . Starting from fully extended conformations that are spatially separated, all peptides rapidly equilibrated as did the isolated peptides (Fig. 4A) . The equilibration process resulted in a continuous decrease of the potential energy during the first half of 10 4 tu. Because of the diffusion of the peptides in the simulation box, there was a short plateau of the potential energy in the following 10 4 tu. The potential energy of the system then sharply decreased as a result of nonspecific association of cc␤ peptides driven by the hydrophobic interactions. A slow conformational rearrangement from this initial cc␤ peptide assembly leads to an ordered aggregate ( Fig.  4B) and is accompanied by a slow decrease of the average potential energy and large potential energy fluctuations. To compare the three peptide and six peptide cc␤ simulations, in Fig. 4A we also present a typical simulation trajectory of three cc␤ peptides at the same temperature. Although the general trends of potential energy trajectories for these two systems were similar, the potential energy of the final hexamer aggregate was lower than twice the energy of the trimer aggregate. The extra stabilization of the cc␤ hexamer with respect to the trimer agreed with the hyperstability of amyloid fibrils. Next we examined the structural properties of the ordered aggregate obtained in DMD simulations.
We present a typical aggregate structure that comprises six cc␤ peptides in Fig. 4B . The aggregates mainly consisted of anti-parallel ␤-strands. Because our simplified DMD force field does not distinguish between ␤-hairpins and coiled-strands, as discussed above, we observed a mixture of these two types of ␤-structures, similar to the observed trimer aggregates. We found that residues Ala-7 and Leu-14 have a high probability to form hydrogen bonds (Fig. 4B ), in accordance with the experiments (7). The aggregates have the characteristic cross-␤-structure (Fig. 4, C and D) ; the aggregates were formed by packing ␤-sheets against each other with hydrogen bonds in the ␤-sheets aligned along the fibril axis. The distance between the ␤-strands in the ␤-sheets was 4.7 Å, which is the typical hydrogen bond distance (Fig. 4D) . The distance between packed ␤-sheets is ϳ11 Å (Fig. 4C) .
We further computed the x-ray diffraction pattern of the aggregate as described by Ding et al. (29) (Fig. 4E) . The x-ray pattern featured the two signature distances of amyloid fibrils, in agreement with the experimental diffraction pattern of the cc␤ aggregates (7). The only difference between the experimental and simulation x-ray diffraction pattern was the absence of the doublet of 11 Å along the equatorial axis (perpendicular to the fibril axis). In experiments, this doublet peak was interpreted as the distance between more than two sheets packed against each other (7) . Because of the limited number of peptides in our simulations, we did not observe such a large scale aggregate structure. However, we did expect to observe this 22 Å peak in a larger system.
DISCUSSION
The cc␤ peptide was designed de novo to fold into a coiled-coil native state at low temperatures and aggregate into amyloid fibrils at elevated temperatures. Experimental studies of cc␤ peptides (7) provide important checkpoints for computational modeling of protein dynamics. We employ a recently developed simplified protein model (18) to study the folding and aggregation of cc␤ peptides. Because of its coarse-grained nature, our simplified protein model has a degenerate free energy landscape. For example, we observe a non-native coiled-coil state at low temperatures and the coexistence of cc␤-hairpin and coiled ␤-sheet aggregates at elevated temperatures. By coupling traditional all-atom molecular mechanics simulations with the rapid DMD simulations of simplified protein models, we eliminate free energy landscape degeneracies by screening for the thermodynamically viable states in all-atom molecular mechanics simulations. Such an approach allows the sampling of large protein conformational spaces while maintaining the accuracy of atomic resolution.
With our methodology, we successfully reproduce the folding and aggregation dynamics of the cc␤ peptides, including the temperature dependence of its folding and aggregation behavior. By using all-atom free energy calculations to filter out the degenerate states from the coarse-grained protein model simulations, we select the coiled-strand ␤-sheet aggregates as the most probable aggregation states. We postulate that the larger cc␤ peptide aggregates are mainly composed of coiled-strand ␤-structures.
The conformational transition from ␣-helices to ␤-sheets is an obligatory step toward amyloid fibril formation from natively ␣-rich proteins, such as prion proteins in prion diseases and A␤ peptides in Alzheimer disease (4) . The ability of the cc␤ peptide to feature both ␣-helix and ␤-strand conformations (7) enables us to study such secondary structure transitions. In simulations we observe a temperaturedependent transition from ␣-helix to ␤-strand with a midpoint temperature T c Ϸ 0.71. At T Ϸ T c , conformations of ␣-helices and ␤-strands have a marginal free energy difference so that an unfolded peptide can adopt either conformation. The secondary structure transition of an isolated ␣-helix peptide is often difficult to observe (9) because of the large free energy barrier between ␣-helices and ␤-sheets. In our simulations, we find that this free energy barrier is reduced by interaction with a preformed ␤-sheet with an exposed hydrophobic surface and unsaturated hydrogen bonds. Unsaturated hydrogen bonds near the edges of the pre-formed ␤-sheets greatly stabilize the newly formed ␤-sheet. Thus, the conformation change of an isolated ␣-helix peptide into a ␤-structure appears to be substantially promoted when other ␤-sheet peptides are introduced into the system (9). Our simulations provide computational evidence in support of the template-mediated aggregation mechanism of prion proteins proposed by Prusiner (3). Our study suggests a generic scenario of the prion-like infectivity of protein misfolding, wherein infected particles expose hydrophobic surfaces and backbone hydrogen bond donors/acceptors that alter the free energy landscape of the normal proteins. This exposure reduces the free energy of both the barrier and the aggregates with respect to the native state.
The aggregate structures obtained in our DMD simulations contain the cross-␤-patterns observed in amyloid fibrils. In addition, the computed x-ray fibrillar diffraction pattern agrees with the experimental data (7). Kammerer et al. (see Fig. 4 in Ref. 7 ) proposed a structural model of cc␤ peptide amyloid fibril, in which individual cc␤ peptides are in an extended ␤-strand conformation forming anti-parallel ␤-sheets along the fibril axis. The hydrophobic residues in a ␤-sheet form two clusters separated by the ␤-sheet plane (see Fig. 4 in Ref. 7) . These ␤-sheets pack against each other, stabilized by hydrophobic interactions and by a set of buried polar residues that form salt bridges. It is questionable whether this model proposed by Kammerer et al. (7) is thermodynamically viable because burying polar residues is energetically unfavorable. In our model, individual peptides form ␤-strands coiled Observation of a Prion-like Conformational Conversion DECEMBER 2, 2005 • VOLUME 280 • NUMBER 48 around their center instead of extended, stacked ␤-strands. Thus, the hydrophobic residues can cluster together without burying charged residues (Figs. 3C and 4B) . Because of the limited number of peptides studied in our simulations, the size of the aggregate model does not reach the dimensions that can be used for comparing with atomic force microscopy measurements (7) . We postulate that our prefibrillar aggregates, upon further assembly, would result in the large scale amyloid fibrils observed in experiments.
